Abstract-This paper proposes a wideband equivalent circuit model for a twisted split ring frequency selective surface (FSS). Such surfaces can be used for modelling and design of polarisation sensitive surfaces such as circularly polarized selective surfaces as well as structures with asymmetric transmission. The proposed model is based extraction of equivalent circuit parameters from a single split ring (SRR) FSS and magnetic coupling from periodic eigenmode analysis of the coupled SRR. The resulting equivalent circuit model demonstrates excellent agreement with full-wave simulations.
INTRODUCTION
Recent advances in the research of frequency selective surfaces (FSS) and metamaterials have demonstrated novel properties of dichroism such as asymmetric transmission, selective transmission of a particular polarization or polarization rotation [1] - [5] .
A geometry of particular interest is a frequency selective surface consisting of coupled twisted split ring resonators (SRR) [6] - [8] . Such structures were demonstrated to exhibit the polarization transformation properties mentioned above as well as spectral selectivity [9] and wave front transformation [10] These structures are easy to manufacture as there are no vias required to ensure chiral properties of the structures [2] .
The unit cell of such a structure is shown in Fig. 1 . Previously reported models described the behaviour of an SRR as a linearly polarised dipole-like particle in the vicinity of resonance and considered near field coupling properties only.
Below we propose a new wideband equivalent circuit model for frequency selective surfaces composed of coupled SRR that takes into account both co-polar and cross-polar scattering of individual SRRs as well as the near-field coupling between them. 
I. THEORY

A. Single SRR FSS
Let us first analyse a single SRR FSS. The structure resonates when the strip length is close to half-wavelength. The equivalent circuit of the single SSR is present in Fig. 2 . The circuit parameters can be easily extracted from values of reflection coefficients by fitting equation (1) to a full-wave simulation.
A single SRR FSS with period d=35 mm, width w=1mm, radius r = 8 mm and gap width c =.1 mm has been simulated with CST Microwave Studio under linearly polarized excitation parallel to the gap at normal incidence. This excites single SRR fundamental resonance.
By applying the extraction process described above it has been found that = 251 , = 0.0109 and = 0.0095 . One can see in Fig. 3 that the fitted curve closely follows the simulated one. It has to be noted that if the additional capacitance is omitted then the fitting process works only in the vicinity of the resonance. When the incident electric field is orthogonal to the gap, the split ring resonates at a higher frequency and can be modelled by a simple LC-resonator in It has been shown in [6] that the even and odd mode resonant frequencies can determined from a Lagrangian model as follows.
where 0 is the resonant frequency of a single SRR, ̃= ( + 2 + 3 ), ℎ is the magnetic coupling and is electric coupling coefficient, is the twist angle, and are fitting coefficients related to higher-order multipole expansion. It has to be noted that the magnetic coupling is isotropic and does not depend on the twist angle [11] .
The eigenmode solver in CST Microwave studio with upper and lower z -boundaries set at 10mm and lateral periodic boundary phase shift set at = 0, = 0 for the structure above with h=6mm was deployed The resonant frequencies of the first two modes are plotted in Fig. 6 . These results are used to obtain the coupling coefficients from the dispersion curves by curve fitting. In order to get robust results this fitting was performed on the mixed coupling coefficient defined as
The results of the fitting process are demonstrated Fig. 7 . The fitted coefficients are a=0.215, b=0.0957, ℎ = 0.1571 and = 0.0742. Thus it is apparent that this particular structure is dominated by magnetic coupling. A particular interest for circularly polarised selectivity present the structure in Fig. 1 with a 90 ° twist . As one can see from the above formula for ̃ , for such a twist the electrical coupling vanishes and only magnetic coupling exists. The eigenmode analysis for such a structure has been performed for various values of ℎ and the results shown in Fig. 7 .
Based on these results the dependence of the magnetic coupling over separation distance was fitted as ℎ (ℎ) = −0.083ℎ + 1.792 ℎ + 2.089
where ℎ is in mm. 
C. Coupled SRR FSS transmission line model
Using the data obtained in the previous sections an equivalent circuit model for the 90° twisted SRR FSS excited at normal incidence is proposed in Fig. 9 . The model is based on a magnetically coupled resonator circuit [12] and augmented with additional LC-resonators representing cross-polar scattering from individual SRRs. In fact the part of the circuit on the left of the ′ virtual plane represents a Floquet waveguide with TM-mode and the one on the right a Floquet waveguide with TE-mode.
Port 1 is modelling TE-excitation from the top of the structure, chosen to be co-polar to the first SRR, port 2 is TEport at the bottom of the FSS, port 3 is TM-port at the top of the FSS (co-polar to the second SRR) and port 4 is TM-port at the bottom of the FSS. This means that transmission from TE to TE mode is modelled by S21 and S12, for top and bottom excitation respectively, and reflection from TE to TM mode is S31 and S42, for top and bottom excitation respectively, etc. The full-wave simulation has been compared to the equivalent circuit simulation with the component parameters extracted from single SRR simulations and eigenmode analysis of the coupled SRR as 3 = 251 , 3 = 0.0109 and 1 = 0.0095 , and 2 = 30.15 , 2 = 0.0167 . The transmission lines in Fig. 9 are of length ℎ characterised by free space impedance. The coupling inductance is found after [12] as
This approach allows us to model circuits with different ℎ by utilising (4). The results of the comparison are shown in Fig. 10 . These demonstrate very good agreement for both magnitude and phase over a wide frequency band.
The proposed model provides an effective tool that accurately describes the twisted SRR FSS behaviour for both cardinal orthogonal linearly polarised excitation possibilities. By simple linear transformation the data can be converted to a circularly polarized basis [13] and thus structures as CP FSS [14] and CPSS [3] could be analysed, as well with asymmetric LP transmission metamaterials [1] , [15] . 
II. CONCLUSION
A new equivalent circuit model for twisted split ring frequency selective surface has been proposed in this paper. The model is capable of modelling stereo SRR behaviour over a much wider band than previously possible. It is based on extraction of equivalent circuit parameters from a single split ring FSS and magnetic coupling from periodic eigenmode analysis and is therefore simple to parameterise from full wave simulation or measurement. The proposed equivalent circuit model demonstrated very good agreement with full-wave simulations performed with CST Microwave Studio and can be used for modelling and design of polarisation sensitive surfaces such as circularly polarized selective surfaces as well as structures with asymmetric transmission.
